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Apoptotic death has now been recognized in a number of common and threatening vascular
diseases, including atherosclerosis. Interest in apoptosis research relates to the fact that apoptosis, in
contrast to oncosis, is a highly regulated process of cell death which raises the hope for the
development of specific therapeutic strategies to alter disease progression. This review summarizes
the mechanisms involved in vascular endothelial and smooth muscle cell survival/apoptosis, and the
potential roles of apoptotic death in atherosclerosis and restenosis. The potential effects of
modulation of apoptosis in these diseases are also discussed.
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ACE: angiotensin-converting enzyme; AIF: apoptosis inducing factor; Akt/PKB: protein kinase B; Ang II:
angiotensin II; APAF-1: apoptotic protease-activating factor 1; CAD: caspase-activated deoxyribonuclease;
Caspases: cysteine aspartate-specific proteases; CDKI: cyclin-dependent kinase inhibitor; CIDE: cell death-
inducing DFF45-like effector; CLA-1: CD36 and LIMPII analogous-1; DFF: DNA fragmentation factor; EC:
endothelial cell; EGF: epidermal growth factor; FADD: Fas-associated death domain; FAK: focal adhesion
kinase; FasL: Fas ligand; FGF-2: basic fibroblast growth factor; HUVEC: human umbilical vein endothelial cell;
ICAD: inhibitor of caspase-activated deoxyribonuclease; IFN: interferon; IGF: insulin-like growth factor; IL:
interleukin; LDL: low density lipoprotein, LOX-1: lectin-like oxLDL receptor-1; LPS: lipopolysaccharide;
MMP: matrix metalloproteinases; NO: nitric oxide; oxLDL: oxidized low density lipoprotein; PARP:
poly(ADP)-ribose polymerase; PBMC: peripheral blood mononuclear monocyte; PDGF: platelet-derived growth
factor; PI3K: phosphoinositide 3 kinase; PS: phosphatidylserine; RIP: receptor-interacting protein; SAPK:
stress-activated protein kinase; SOD: superoxide dismutase; SR: scavenger receptor; TF: tissue factor; TIMP-1:
tissue inhibitor of metalloproteinases-1; TNF: tumour necrosis factor; TNFR1: tumour necrosis factor receptor
1; TRADD: tumour necrosis factor receptor-associated death domain; VEGF: vascular endothelial growth

factor; VSMC: vascular smooth muscle cell; XIAP: X-linked inhibitor of apoptosis

Introduction

Vascular pathologists have long been intrigued by the
observation of cell death within the arterial wall in
atherosclerosis (Thomas et al., 1976; Virchow, 1858) or during
normal aging (Cliff, 1970) in the absence of overt necrosis.
Rational explanations for these observations may now be at
hand after the description by Kerr and colleagues in the early
1970s of a novel form of cell death distinct from necrosis,
which they designated ‘apoptosis’ (from the Greek word for
‘falling’) (Kerr er al., 1972). It has since been increasingly
recognized that apoptosis may be involved in a number of
critical events occurring during normal development and may
play a key role in a wide variety of diseases (Hetts, 1998).

In contrast to the cellular and organelle swelling, and to the
blebbing and membrane rupture associated with the classic
form of induced cell death or ‘oncosis’, apoptosis was initially
described in cells that are programmed to die on the basis of
characteristic morphology (Kerr et al., 1972). Cells undergoing
apoptosis show cell shrinkage, chromatin margination and
condensation with subsequent internucleosomal fragmentation
of DNA, membrane redistribution of phospholipids (Martin et
al., 1995) and budding (emission of pseudopodia), with
maintenance of membrane integrity. The process tends to
break off into apoptotic bodies that are recognized and rapidly
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engulfed by professional macrophages or adjacent neighbour-
ing cells without inducing an inflammatory response. However,
cell corpses that escape phagocytosis and remain free undergo
secondary necrosis (Majno & Joris, 1995).

Molecular mechanisms of apoptosis

Apoptosis can be initiated by intrinsic signals, during normal
development for example. This occurs when cells activate an
internal program of self-destruction (cell suicide, programmed
cell death) in response to an internal clock, withdrawal of
survival factors, changes in haemodynamic parameters or loss
of contact. Every cell already contains all the components of
the suicide machinery and is ready to engage in self-destruction
unless it is actively signalled not to do so.

On the other hand, apoptosis can be initiated by a wide
variety of extrinsic signals such as cytokines, hormones,
oxidized lipids, chemotherapeutic, ionizing or viral agents
(Haunstetter & Izumo, 1998). In contrast to the more chronic
and progressive loss of cells that occurs during normal
development, apoptosis triggered by extrinsic signals is
generally more acute and massive. Therefore, the capacity for
removal of apoptotic cells may be overcome and secondary
necrosis of unremoved apoptotic cells is frequent. This may
lead to chronic accumulation of cellular debris with the
potential for inducing inflammatory and/or auto-immune
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responses (Casciola-Rosen et al., 1994; Rosen et al., 1995; Tan,

1994).

Apoptosis is controlled by an ordered, stereotyped cascade
of cellular events. Some death-commitment pathways are
ubiquitous (for example, those involved in radiation-induced
DNA damage) while others are present only in specific cells,
therefore ensuring their effective removal without the
elimination of other cell types adjacent to them. It is the
relative abundance of pro-apoptotic and anti-apoptotic
molecules within the cell at a given time that will determine
the cell’s fate.

The programmed cell death cascade can be divided
into at least four main functionally distinct stages. The
apoptosis signalling pathways are described in more
detailed reviews (Golstein, 1997; Green & Reed, 1998;
Kroemer et al., 1997), and will be summarized below
(Figure 1):

(1) The initiation or signalling phase during which cells receive
the death-inducing signal. This may be accomplished by
attachment of death-promoting molecules (e.g., Tumour
Necrosis Factor (TNF)-o, Fas ligand) to death receptors
(TNFR1, Fas) on the cell surface with subsequent
recruitment of death domain proteins (FADD, TRADD,
RIP) required for caspase-8 activation (which initiates the
lethal proteolytic cascade) (Ashkenazi & Dixit, 1998).

(2) The control and effector phase during which activation of
caspases occurs with loss of mitochondrial membrane
potential (Green & Kroemer, 1998). Caspases, the
mammalian CED-3 homologues, are a family of cysteine
proteases with aspartate specificity that have been
implicated in the transduction and execution of the
apoptotic programme (Thornberry & Lazebnik, 1998).
Caspases are present as inactive pro-enzymes, most of
which are activated by proteolytic cleavage. They are
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responsible for the deliberate disassembly of a cell into
apoptotic bodies. Caspase-8, caspase-9 and caspase-3 are
situated at pivotal junctions in apoptotic pathways
(Figures 1 and 2).

The execution phase is controlled by the Bcl-2 family
members (Kroemer, 1997) acting upstream from the
caspases, through inhibition of cytochrome c and/or
apoptosis inducing factor (AIF) release from the
mitochondrion or through binding and sequestration of
Apaf-1 away from caspase-3. The Bcl-2 family of proteins
contains both inhibitors (Bcl-2, Bcl-x;) and inducers (Bcl-
Xs, Bax, Bid, Bad, Bak) of apoptosis acting as homodimers
and heterodimers. The balance between anti-apoptotic and
pro-apoptotic Bcl-2 family members is critical to
determining if a cell undergoes apoptosis. After an
appropriate signal, Bax or Bak, for example, undergo a
conformational change and move to the mitochondrial
membrane where they cause release of cytochrome c into
the cytosol (Goping et al., 1998; Griffiths et al., 1999).
The structural alterations and DNA degradation phase
(Figure 2), where caspase activation leads to the cleaving
of lamin, the intermediate filament of the nuclear envelope,
of poly(ADP)ribose polymerase (PARP) (Nicholson et al.,
1995) and of the inhibitor of caspase-activated deoxyr-
ibonuclease (ICAD/DFF45) (Enari et al., 1998; Liu et al.,
1997; Sakahira et al., 1998). Fragmentation and degrada-
tion of genomic DNA results in an irreversible loss of
viability.

The phase of recognition of apoptotic cells and removal of
apoptotic bodies. After the completion of the apoptotic
processes, dead cells are removed from the tissue as a
result of specific recognition and phagocytosis by adjacent
professional and/or non-professional cells through a
variety of mechanisms that implicate phosphatidylserine
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Schematic representation of main apoptotic pathways. Activation of caspase-8 (and subsequent activation of the caspase

cascade) occurs following ligation of death-signal-transmitting receptors. Caspase-9 activates cell disassembly in response to agents
or insults that trigger release of cytochrome c¢ from the mitochondria, and is activated when complexed with dATP, Apaf-1, and
extramitochondrial cytochrome ¢ to form the multi-protein ‘apoptosome’ ensemble. Caspase-8 and caspase-9 can activate caspase-3
by proteolytic cleavage, and caspase-3 amplifies caspase-8 and caspase-9 signals into fully-fledged commitment to disassembly,
therefore propagating the caspase cascade. Ligation of the death-signal-transmitting receptor TNFR may also generate signal
transduction pathways leading to activation of the nuclear transcription factor NF-«kB and to the induction of cytoprotective genes.
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Nuclear fragmention

Figure 2 Schematic representation of the structural alterations and DNA fragmentation phase. DFF is composed of two subunits,
DFF45 (ICAD) and DFF40 (CAD). Cleavage of DFF45 by caspase-3 activates the nuclease activity of DFF40. Other substrates for

caspases include PARP and lamin.

(PS), thrombospondin/CD36 binding site, the vitronectin
receptor or CD14, for example (Devitt ez al., 1998; Fadok
et al., 1992; 1998; Savill et al., 1993). Loss of membrane
phospholipid asymmetry and consequent exposure of PS
in the exoplasmic leaflet of the plasma membrane is one of
the early hallmarks of cells undergoing apoptosis, and is a
critical event in their recognition by some macrophage
populations (Fadok et al., 1992, 1998). In addition cells
undergoing apoptosis generate reactive oxygen species that
may induce membrane peroxidation (Ashkenazi & Dixit,
1998). Indeed, apoptotic cells present oxidatively modified
moieties on their surface that are structurally analogous to
the surface of the oxidized LDL (oxLDL) particle (Chang
et al., 1999). These oxidation-specific epitopes, including
oxidized phospholipids, serve as ligands for recognition
and phagocytosis by macrophages through their scavenger
receptors, including SR-A, CD36, CD68, SR-B1 (CLA-I)
and LOX-1 (Bird et al., 1999; Chang et al., 1999).
Complement activation seems to be required for efficient
uptake of apoptotic cells within the systemic circulation
(Mevorach et al., 1998).

The transverse redistribution of plasma membrane PS is
followed by the shedding of membrane particles which is a
common feature of apoptotic cell death (Aupeix et al., 1997).
Annexin V which has a strong affinity for PS and exerts an
external membrane constraint is able to reduce the degree of
proteolytic activation of caspase-3 and totally blocks the
release of shed membrane microparticles (Gidon-Jeangirard et
al., 1999).

Apoptosis of endothelial cells

Vascular endothelial cells form the inner lining of all blood
vessels. During both normal development and pathology, the
formation of new vessels and the regression of preexisting
ones are dependent on the balance between endothelial cell
proliferation and endothelial cell apoptosis. In mature
vessels, endothelial cell turnover is also under the control
of these tightly regulated phenomena. Since the vascular

endothelium is involved in various physiological processes,
endothelial cell apoptosis (and dysfunction) may constitute
an initial step in a variety of pathological situations such as
atherosclerosis and hypertension (see below). As for other
cell types, it has been hypothesized that interactions of
endothelial cells with their microenvironment may be critical
for their survival.

Survival pathways

Main survival pathways in endothelial cells are summarized in
Table 1 and represented in Figure 3.

Cell—cell and cell—matrix interactions Cell-to-cell and cell-
to-matrix contacts are necessary for the maintenance of
survival of anchorage-dependent cells such as endothelial cells
(Brooks et al., 1994; Levkau et al., 1998; Meredith et al., 1993;
Re et al., 1994; Scatena et al., 1998). Loss of cell-to-cell contact
leads to the activation of a default death programme in a
variety of cell types.

The extracellular matrix may generate survival signals
aiming at the suppression of a pS53-regulated cell death
pathway. For example, survival signals from fibronectin are
transduced by the focal adhesion kinase (FAK) whose
phosphorylation leads to p53 inactivation and maintenance
of cell survival (Ilic et al., 1998). Interaction with extracellular
matrix proteins via the integrin o,f; inhibits p53 activity,
decreases the expression of p21 and Bax (Stromblad ez al.,
1996), and activates NF-xB (Scatena ez al., 1998), therefore
promoting cell survival. This is particularly important during
migration of endothelial cells in angiogenesis as well as in the
maintenance of tumour vasculature (Riiegg et al., 1998).

The extracellular matrix may also generate survival signals
aiming at the upregulation of an anti-apoptotic pathway mainly
by promoting the anti-apoptotic activity of the Bcl-2 family of
proteins. Vascular endothelial cadherin, VE-cadherin, mediates
adhesion between endothelial cells and affect endothelial cell
survival. Deficiency or truncation of VE-cadherin induces
endothelial cell apoptosis and abolishes transmission of the
endothelial survival signal by VEGF-A to Akt kinase and Bcl2
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Table 1 Endothelial cell survival factors

Factors promoting
endothelial cell survival

e ovfi3-mediated cell
matrix interaction

e Fibronectin

e VE-cadherin

e Shear stress

e VEGF

e Angiopoietin-1
e FGF-2
e Estradiol

e Haeme oxygenase-1
o TNF-«
e Direct contact with monocytes

*bel-2 and/or bel-2 family members.

via reduced complex formation with VEGF receptor-2, f-
catenin, and phosphoinositide 3 (PI3)-kinase (Carmeliet et al.,
1999). Growth factor deprivation of endothelial cells induces
apoptosis, and this correlates with cleavage and disassembly of
intracellular and extracellular components of adherens junc-
tions. Caspase-3 appears to initiate proteolytic processing,
leading to the cleavage of FAK (Levkau et al., 1998), p-catenin
and plakoglobin and to the shedding of VE-cadherin (Herren et
al., 1998), actively interrupting extracellular signals required for
endothelial cell survival.

Growth factors In vitro, VEGF inhibits endothelial cell
apoptosis in response to a variety of stimuli such as hyperoxia
(Alon et al., 1995), growth factor withdrawal, disruption of
extracellular matrix (Watanabe & Dvorak, 1997), ionizing
radiation (Katoh et al., 1995), peroxynitrite and stimulation
with TNF-a (Karsan, 1998). This is accomplished in part
through interaction with adherens junctions (Carmeliet et al.,
1999), stimulation of protein kinase C or PI3K-Akt signalling
pathway (Karsan, 1998), upregulation of the anti-apoptotic
proteins Bcl-2 and Al (Gerber et al., 1998), or those of the
inhibitors of apoptosis family of anti-apoptotic proteins, i.e.
survivin and XIAP (Tran et al., 1999).

Angiopoietin-1 ligation to its receptor Tie-2 has recently
been shown to provide survival signals for the endothelial cell
(Fujikawa et al., 1999; Hayes et al., 1999; Kwak et al., 1999).
Growth-deprived endothelial cells are rescued from apoptosis
by addition of angiopoietin-1. Angiopoietin-1 induces Tie-2
autophosphorylation leading to PI3K-dependent activation of
Akt. The anti-apoptotic effect of angiopoietin-1, as that of
VEGTF, is mediated through interaction with the extracellular
matrix since the anti-apoptotic effect of these growth factors is
lost in suspended cells (Fujikawa et al., 1999). Angiopoietin-1
expression is associated with tumour neovascularization and
tumour growth in vivo (Holash et al., 1999).

Basic fibroblast growth factor (FGF-2) is another
intravascular survival factor for endothelial cells in vivo.
Intravenous administration of FGF-2 in a murine model of
endotoxic shock blocks LPS-induced ceramide generation and
endothelial cell apoptosis. Consequently, animal mortality is
reduced despite persistent elevation in serum TNF-o (Haimo-
vitz-Friedman et al., 1997). In vitro studies have shown that
FGF-2 specifically induces Bcl-2, but not other members of the

Main transduction
pathways

pS3, p21, bel-2* (Stromblad et al., 1996), NF-xB
activation (Levkau et al., 1999; Scatena et al., 1998)

FAK activation (Ilic et al., 1999)

p-catenin, PI3-K, Akt (Carmeliet et al., 1999)

Akt, NO, caspase inhibition (Dimmeler ez al., 1996;
1997b; Hermann et al., 1997; Meeson et
al., 1996)

Flk-1/KDR activation (Gerber et al., 1998), VE-cadherin
pathway (Carmeliet et al., 1999), Protein kinase C, PI3
K (Karsan, 1998), bcl-2* (Alon et al., 1995)

PI3-K, Akt (Fujikawa et al., 1999)

+/— bel-2* (Karsan et al., 1997)

NO (Arnal et al., 1996), caspase inhibition (Alvarez et al.,
1997; Spyridopoulos et al., 1997)

bel-2*? (Hancock et al., 1998)

Al (Karsan et al., 1996)

bel-2* (Noble et al., 1999)

Bcl-2 family, and inhibits serum-deprivation-induced endothe-
lial cell death (Karsan et al., 1997). However, other Bcl-2-
independent mechanisms, such as tyrosine phosphorylation,
may also account for the inhibition of endothelial apoptosis by
FGF-2 (Karsan et al., 1997).

Shear stress Vascular endothelial cells are continuously
exposed to a range of haemodynamic forces which have a
great impact on their cellular structure and function.
Variations in blood flow play an important role in vessel
growth or regression, and in the focal development of
atherosclerosis. A link between mechanical stimulation and
cell survival or death has been therefore suggested by several
groups. Indeed, human umbilical vein endothelial cells
(HUVEC) cultured under static conditions undergo a basal
level of apoptosis (Kaiser et al., 1997). The empty space left
between cells induces proliferation of adjacent cells so that an
equilibrium state is reached with low levels of apoptosis and
proliferation. Exposure to flow in a perfusion chamber or in an
ex vivo organ culture directly inhibits the apoptotic process
and indirectly suppresses proliferation, leading to a ‘truly’
quiescent monolayer (Kaiser et al., 1997).

This anti-apoptotic pathway involves the shear-induced
phosphorylation of Akt/PKB (Dimmeler et al., 1998), and the
subsequent phosphorylation of the endothelial NO synthase
(Dimmeler et al., 1999a). NO, released in response to shear
stress, inhibits caspase-3 activation and prevents endothelial
cell apoptosis (Dimmeler et al., 1997b).

The suppression of both endothelial cell apoptosis and
caspase-3 activation by physiological levels of shear stress in
other models (growth factor withdrawal or cytokine-induced
apoptosis) may be prevented by pharmacological inhibition of
glutathione biosynthesis or nitric oxide synthase (Dimmeler et
al., 1996; Hermann et al., 1997). Shear stress-dependent
upregulation of Cu/Zn SOD and NO synthase prevents
activation of the caspase cascade in response to apoptotic
stimuli, including oxygen free radicals, oxLDL or TNFu
(Dimmeler & Zeiher, 1999). This suggests that the reduction in
oxidative flux by shear stress may be essential to prevent the
activation of caspases and to inhibit endothelial cell apoptosis.

The modulation of endothelial cell apoptosis by shear stress
plays a major role in normal and pathological vascular
remodelling in vivo (see below).

British Journal of Pharmacology, vol 130 (5)
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Figure 3 Schematic drawing that shows the importance of cell-to-cell and cell-to-matrix-interactions in endothelial cell survival.
The survival effect of growth factors like VEGF is dependent on cell-to-cell contact (involving VE-cadherin pathway). VE-cadherins
can be upregulated by shear stress. Akt phosphorylation is central to many anti-apoptotic signalling pathways and modulates the
balance between anti-apoptotic and pro-apoptotic bcl-2 family members. Pro-inflammatory stimuli, including TNF-« and IFN-y,

may interfere with matrix-dependent cell survival pathways.

Apoptotic pathways

A number of extra- or intracellular agents can induce
apoptosis in endothelial cells as a result of loss of survival
factors (see above), modulation of survival pathways or
induction of pro-apoptotic pathways.

Modulation of survival pathways Some potentially important
pro-apoptotic factors act essentially by inhibiting survival
pathways. For example, exposure of human endothelial cells to
TNF-o and IFN-y results in suppression of endothelial cell o, 35
activity leading to a decreased o, ff;-dependent endothelial cell
adhesion and survival (Riiegg et al., 1998). In vivo, TNF-o and
IFN-y interact with o,f; to cause selective disruption of the
tumour vasculature in patients with melanoma (Riiegg et al.,
1998).

Stimulation of human endothelial cells with TNF-« leads to
a specific degradation of Bcl-2, a process that is inhibited by
specific proteasome inhibitors (Dimmeler ez al., 1999b).

Finally, angiostatin-induced endothelial cell apoptosis
(Claesson-Welsh et al., 1998; Lucas et al., 1998) paradoxically
involves FAK activation (Claesson-Welsh et al., 1998). FAK
activation by angiostatin is not associated with Src coactiva-
tion and does not involve integrin signalling. In fact,
angiostatin probably causes a flawed, integrin-independent
activation of FAK that perturbs the ordered turnover of focal
adhesion contacts induced by VEGF and FGF-2. Angiostatin-
induced endothelial apoptosis may be an important mechan-
ism by which angiostatin modulates the angiogenic process.

Induction of pro-apoptotic pathways

Inflammatory mediators Endothelial dysfunction is central to
many inflammatory diseases affecting the vessel wall (athero-
sclerosis, for example) and several other organs (septic shock).
Also, inflammatory cytokines such as TNF-a are increased in

the circulating blood of patients with terminal heart failure and
may participate to the vascular dysfunction observed in this
disease. Incubation of HUVEC with TNF-o markedly
increases endothelial cell apoptosis via activation of caspase-
3, a process that can be completely abrogated by inhibitors of
caspases or by shear stress (Dimmeler et al., 1996).

Peripheral blood mononuclear monocytes (PBMCs) pre-
activated by bacterial lipopolysaccharide (LPS) or by ionizing
radiation induce apoptotic death in cultured HUVECs
(Lindner et al., 1997). This process is dependent at least in
part on TNF-u since addition of an anti-TNF-o monoclonal
antibody blocks the cell-to-cell contact-mediated apoptosis.
Interestingly, the anti-inflammatory cytokine IL-10 has anti-
apoptotic effects in this model, suggesting that the balance
between endothelial cell survival and death may depend on the
balance between pro- and anti-inflammatory cytokines.
Incubation of HUVEC with LPS in culture induces apoptosis
and secondary necrosis in a time-dependent manner. In this
setting, apoptosis is independent of TNF-a release but is
associated with the induction of Bax and is prevented by
incubation with antioxidants (that enhance Bcl-2 and decrease
Bax) (Haendeler et al., 1996). It is noteworthy that TNF-a, like
other inflammatory cytokines, is capable of inducing human
A1, a human Bcl-2 homologue (Karsan et al., 1996) and may
also activate the NF-«xB pathway (Van Antwerp et al., 1996).
TNF-o may therefore initiate both pro-apoptotic and anti-
apoptotic pathways.

Systemic administration of LPS induces the endotoxic
shock syndrome with associated systemic inflammation,
multiple organ damage, circulatory collapse and death. This
process is mediated by the release of TNF-o and other
cytokines. Since TNF-« and LPS can cause apoptotic death of
endothelial cells, it has been hypothesized that the primary
tissue target in septic shock may be the endothelium. Indeed, it
was demonstrated that injection of LPS and TNF-o in mice
induces massive apoptosis in the endothelium of several
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organs before any other form of tissue damage (Haimovitz-
Friedman et al., 1997). Unlike studies performed in vitro, LPS-
induced endothelial apoptosis in vivo is dependent on TNF-«
since it is blocked by the TNF-binding protein. This latter
molecule also prevents LPS-induced ceramide generation,
suggesting that systemic TNF is required for both responses
(Haimovitz-Friedman et al., 1997). The indispensable role of
ceramide generation in disseminated endothelial apoptosis is
demonstrated by the observation that acid sphingomyelinase
knockout mice are protected from endothelial cell apoptosis
and from death despite the normal increase in serum TNF-« in
response to LPS (Haimovitz-Friedman et al., 1997). It would
be interesting to examine whether the beneficial effects of IL-
10 in reducing mortality from septic shock in animals
(Howard et al., 1993) are related to its potential anti-apoptotic
properties.

In the context of endothelial inflammation, it is particularly
important to point out that the antiapoptotic proteins Bcl-2
and Bcl-X; are able to downregulate endothelial cell activation
through specific inhibition of NF-kB at a level upstream of
IxBa degradation (Badrichani et al., 1999). Bcl-2 and Bel-X
may therefore be cytoprotective in endothelial cells by
counteracting both proapoptotic and proinflammatory insults.

The evidence available from several
groups suggests that oxLDL play a central role in
atherogenesis beginning in the earliest phases of this
threatening process. In vitro studies had already shown that
oxLDL exhibit cytotoxic effects on cultured endothelial cells,
but the type of cell death elicited remained unknown
(Hessler et al., 1979). However, several authors recently
reported increased apoptotic cell death of bovine aortic
endothelial cells exposed to cholesterol oxides in culture
(Lizard et al., 1996) and increased apoptosis (and possibly
secondary necrosis) of HUVEC after exposure to oxLDL
(Dimmeler et al., 1997a; Escargueil-Blanc et al., 1997).
OxLDL-induced apoptosis is subsequent to a sustained and
delayed peak in cytosolic calcium and is prevented by
chelating extracellular calcium or by inhibiting calcium
influx (Escargueil-Blanc et al., 1997). Furthermore, ceramide
generation by acid sphingomyelinase and activation of
caspase-3 are indispensable for oxLDL-induced apoptosis
(Harada-Shiba et al., 1998). OxLDL are known to increase
the generation of reactive oxygen species which are
implicated in the apoptotic process in various cell types.
Addition of antioxidants (vitamins C and E) completely
prevents the activation of caspase-3 by oxLDL and inhibits
the apoptotic process (Dimmeler er al., 1997a). Although
vascular endothelial cells are normally resistant to Fas-
mediated cell apoptosis (Richardson et al., 1994), apoptosis
induced by OxLDL in cultured endothelial cells and
endothelium of arterial explants appears to be inhibited by
Fas ligand neutralizing antibodies, suggesting that OxLDL
may promote Fas-mediated endothelial cell apoptosis (Sata
& Walsh, 1998).

Oxidized lipoproteins

Apoptosis of vascular smooth muscle cells

After decades of intensive research on the mechanisms of
vascular smooth muscle cell (VSMC) proliferation, recent
studies have been undertaken to understand the mechanisms
and roles of smooth muscle cell survival/apoptosis in normal
vessel development and pathology. VSMC growth is now
viewed as the result of the opposing effects of cell proliferation
and apoptosis.

Survival pathways

Cell—cell and cell-matrix interactions As for endothelial
cells, cell-matrix interactions are necessary for vascular
smooth muscle cell homeostasis through the generation of
signals involved in cell survival, migration and/or prolifera-
tion. Fibronectin and o,f; play important roles in the
maintenance of these transduction pathways (Coleman et al.,
1999; Dufourcq et al., 1998; Mason et al., 1999; Zheng &
Clemmons, 1998). The matrix glycoprotein tenascin-C has also
been shown to modulate smooth muscle cell survival and
proliferation. Tenascin-C interactions with o, f3; integrins upon
upregulation by denatured type I collagen modify VSMC
shape, and epidermal growth factor (EGF)-dependent growth
by inducing a clustering of the EGF-receptors (Jones et al.,
1997a). These extracellular matrix-dependent survival path-
ways have been shown to be involved in the progression of
pulmonary vascular diseases (Jones et al., 1997b) and are likely
to play an important role in VSMC survival within the
atherosclerotic plaque.

Growth factors Many known growth factors for VSMCs
(IGF-1, PDGF-BB, FGF-2 and TGF-f1) have been shown to
act as survival factors rather than true mitogens. These growth
factors partially prevent apoptosis of human or rat VSMCs
cultured under low serum conditions (Bai et al., 1999; Bennett
et al., 1995a; Fox & Shanley, 1996; Pollman et al., 1999a) in
part by favouring the anti-apoptotic potential of the Bcl-2
family of proteins. For example, IGF-I stimulates increased
expression of the inactive, phosphorylated form of Bad by a
PI3-kinase-dependent pathway (Bai ez al., 1999). These growth
factors and their corresponding receptors are expressed in
many vascular diseases and may prevent VSMC death within
the arterial wall.

Apoptotic pathways

Many pro-apoptotic factors for VSMCs have been identified,
some with potential implications in many vascular diseases
such as atherosclerosis, restenosis or hypertension.

Mechanical factors Balloon angioplasty induces rapid death
of VSMCs within the normal arterial wall (Pollman et al.,
1999b). VSMC apoptosis is associated with the induction of a
redox-sensitive signalling pathway leading to the activation of
the stress-activated protein kinase (SAPK). Administration of
anti-oxidants inhibits SAPK activation and VSMC apoptosis.
This signalling pathway could not be activated in neointimal
smooth muscle cells due to the upregulation of the
antiapoptotic mediator bcl-x; in these cells (Pollman et al.,
1999b).

Oxidized LDL Oxidized LDL (Joringe et al., 1997) and
oxysterols (Nishio & Watanabe, 1996) have been shown to
promote VSMC apoptosis in culture, in part by down-
regulation of Bcl-2 and activation of caspase-3 (Nishio &
Watanabe, 1996).

Vasoactive substances Local production of high levels of
NO within the arterial wall inhibits cell growth and
neointimal formation following balloon injury (von der
Leyen et al., 1995), while forced local generation of Ang II
in the vessel wall (after overexpression of the angiotensin-
converting enzyme, ACE) promotes VSMC growth and wall
thickening (Morishita ez al., 1994). These effects on vascular
remodelling are likely the result of a modulation of the
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apoptotic process in VSMCs. NO-induced apoptosis in
VSMCs is prevented by the inhibition of the cGMP-
dependent protein kinase Ix, as well as by the addition of
Ang Il (acting via the angiotensin receptor type 1),
emphasizing the importance of the balance between NO
and Ang II in the modulation of VSMC growth (Pollman et
al., 1996). It is noteworthy that the pro-apoptotic effects of
NO occur at supraphysiological (pathological or inflamma-
tory) levels, while its anti-apoptotic effects, through the
prevention of caspase activation, are essentially observed at
physiological (endothelial) concentrations (Dimmeler et al.,
1997b; Kim et al., 1999). Similarly, Ang II may have dual
effects on VSMC apoptosis, preventing cell death via AT1
receptor stimulation, but promoting apoptosis via AT2
receptor stimulation (Yamada et al., 1998). Yet, the AT2
receptor is expressed abundantly in foetus, but scantily in
adult tissues. Therefore it might play a major role in
vascular remodelling during development but its role in
adult remains to be evaluated.

Inflammatory mediators Production of high levels of NO via
the inducible nitric oxide synthase (iNOS) accounts for the
pro-apoptotic effects of pro-inflammatory cytokines (TNF-c,
IFN-y and IL-1) in rat but not human VSMCs (Geng et al.,
1996). Stimulation of VSMCs in culture by pro-inflammatory
cytokines also induces the expression of Fas (and increases
their sensitivity to apoptosis) (Geng et al., 1997), suggesting
that the production of such cytokines by immune cells in
atherosclerosis may promote VSMC death through this
pathway. Inflammatory cells, particularly macrophages, have
the potential of inducing VSMC apoptosis in culture. This
process is dependent on cell-to-cell contact and on TNFa and
FasL interactions with their corresponding receptors TNFR-I
and II, and Fas (Boyle et al., 1998).

Oncogenes and tumour suppressor genes Deregulated expres-
sion of the c-myc oncogene and stable infection with the
adenovirus E1A induce apoptosis in rat VSMCs under low
serum conditions (Bennett ez al., 1994, 1995a). Moreover,
overexpression of p53 induces apoptosis in rat VSMCs infected
with c-myc and E1A, but not in normal cells (Bennett er al.,
1995a).

These observations are important for several reasons: the
c-myc oncogene is overexpressed in VSMCs from human
atherosclerotic plaques and these cells display a lower
growth rate in culture in comparison with VSMCs obtained
from normal arteries, especially under low serum conditions
(Parkes et al., 1991). As expected, this intrinsic defect in
growth has recently been shown to be, at least in part, the
result of increased spontaneous cell death by apoptosis
(Bennett et al., 1995b). The characteristics of plaque VSMCs
may also explain in part their hypersensitivity to p53-
mediated apoptosis (Bennett ez al., 1997). p53 activation in
cells derived from atherosclerotic plaque transiently increases
surface Fas expression by transport from the Golgi complex,
and induces Fas-FADD binding, sensitizing cells to Fas-
induced apoptosis (Bennett et al., 1998b). However, basal
p53 activity is similar in plaque and normal VSMCs and
suppression of basal p53 activity blocks growth arrest in
both cell types, but does not prevent apoptosis suggesting
that the mechanisms of p53-mediated apoptosis of plaque
VSMCs may be distinct from those inducing growth arrest
(Bennett et al., 1997). The slower rates of proliferation and
earlier senescence of plaque VSMCs may be explained by
the predominance of the hypophosphorylated form of the
retinoblastoma gene product (RB) and the low E2F

transcriptional activity in these cells (Bennett et al., 1998a).
Both inactivation of RB and inhibition of p53 activity are
required for plaque VSMCs to proliferate without apoptosis
(Bennett et al., 1998a).

VSMC apoptosis may be induced in vitro by many factors
including inhibitors of protein kinase C, calcium channel
blockers, angiotensin-converting enzyme inhibitors, stimula-
tors of cyclic AMP-dependent protein kinase (Leszczynski et
al., 1994), and tissue inhibitor of metalloproteinase type 3
(Baker et al., 1998). However, the clinical relevance of the pro-
apoptotic effects of these factors remains to be established.

Role of apoptosis in normal vessel development

Physiological remodelling of blood vessels before and after
birth has been shown to be the result of a balance between
apoptosis and cell proliferation. Developmentally pro-
grammed capillary regression is initiated by macrophage-
mediated endothelial cell apoptosis (Lang & Bishop, 1993).
The dying cells are projected into the capillary lumen causing
temporary or permanent block to blood flow. Following
cessation of flow, secondary synchronous apoptosis of vascular
endothelial cells occurs, leading to capillary regression
(Meeson et al., 1996). It can be hypothesized that during
development, the selection of capillary beds is under the
control of blood flow-dependent endothelial cell survival/
apoptosis.

Apoptosis of smooth muscle cells occurs during the
development of the human ductus arteriosus (Slomp et al.,
1997). The role of apoptosis has also been investigated in vessel
remodelling that occurs as arteries adapt to changes in
cardiovascular function after birth. The abdominal aorta of
neonatal lambs undergoes excessive remodelling in association
with a profound decrease in blood flow after birth. However,
DNA accumulation in this vessel is far below that predicted
from proliferation rates if all cells were assumed to survive.
Cho et al. (1995) have demonstrated that apoptosis
significantly contributes to postpartum arterial remodelling
and that changes in cell death rates alone may be sufficient to
induce profound changes in the vessel wall mass (Cho er al.,
1995).

Role of apoptosis in vascular pathology

Apoptosis appears to play a significant role in many vascular
or vascular-related diseases. In this review, a particular
emphasis is put on the potential role of apoptosis in
atherosclerosis and restenosis. Reviews on the occurrence and
role of apoptosis in hypertensive diseases have been recently
published (Diez et al., 1998; Hamet et al., 1996).

Apoptosis in atherosclerosis

Observations that cell death occurs in atherosclerosis have
already been made by Virchow (1858), and experimental
studies in cholesterol-fed swines undertaken by Thomas et al.
(1976) more than 20 years ago showed that cell death is a
major event occurring during atherosclerotic plaque develop-
ment and may be associated with cell proliferation. More
recently, Parkes ez al. observed that plaque-derived smooth
muscle cells (p-VSMC) are characterized by c-myc over-
expression and have a growth disadvantage in culture in
comparison with VSMCs from normal arteries, especially
under low serum conditions (Parkes et al., 1991). At that time,
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cancer researchers have shown that overexpression of c-myc
induced cell death by apoptosis in the absence of serum and
that cells can be rescued by overexpression of bcl-2 (Evan et al.,
1992). On the basis of these results, it has been suggested that
cell death by apoptosis may occur in human atherosclerosis.
Bennett et al. have subsequently demonstrated that deregu-
lated expression of c-myc in VSMCs induces apoptosis
(Bennett et al., 1994) and that human p-SMCs have a
markedly elevated rate of apoptosis in vitro, a process that
can be reversed by expression of bc/-2 or by other survival
factors such as IGF-1 and PDGF (Bennett et al., 1995b). This
was the first indication that programmed cell death (apoptosis)
may occur in human atherosclerosis.

In situ distribution of apoptosis

Several studies have shown evidence for in situ apoptotic cell
death in animal and human atherosclerotic plaques
(Bjorkerud & Bjorkerud, 1996; Cai et al., 1997, Geng &
Libby, 1995; Han et al., 1995; Hegyi et al., 1996; Isner et al.,
1995; Kockx et al., 1996; Mallat et al., 1997). Apoptosis,
which is almost absent in normal arteries, becomes barely
detectable in fatty streaks and is more abundant in advanced
plaques. All cell types are involved, including SMCs,
macrophages, T-lymphocytes (Bjorkerud & Bjorkerud,
1996; Cai et al., 1997, Geng & Libby, 1995; Han et al.,
1995; Hegyi et al., 1996; Isner et al., 1995; Kockx et al.,
1996; Mallat et al., 1997) and luminal endothelial cells
(Tricot et al., 2000). Removal of apoptotic cells in human
plaques may be inefficient, as a significant percentage of
secondary necrosis is observed. Foam cell apoptosis (and
secondary necrosis) is thought to contribute to the
formation of the acellular lipid core (Cai et al., 1997),
whereas VSMCs die within their cages of thickened basal
lamina in the hypocellular fibrous cap and are split into a
myriad of membrane vesicles (Kockx er al, 1998). The
distribution of apoptosis is heterogeneous within the plaque,
being more frequent in regions with a high density in
macrophages suggesting that these cells may be participating
in the induction of apoptosis. In addition, we have recently
observed that luminal endothelial apoptosis is directly
related to the blood flow direction, being more prevalent
in the post-stenotic area where low flow and low shear stress
prevail (Tricot et al., 2000). This in vivo finding in human
atherosclerotic plaques confirms the in vitro observation of a
strong modulation of endothelial cell survival by shear stress
as indicated above.

Pro- and anti-apoptotic factors in atherosclerotic plaques

Many factors with in vitro pro- and anti-apoptotic activities in
macrophages, smooth muscle cells and endothelial cells have
been shown to be expressed in human atherosclerosis (Table
2). Pro-inflammatory cytokines with pro-apoptotic potential
including IL-1, TNF-«, and IFN-y are present in the human
plaque and may be involved in the local induction of the
apoptotic process, although no studies have been performed
showing direct correlation between their expression and the
occurrence of apoptosis. However, one of their mediators,
inflammatory NO, produced as the result of upregulation of
iNOS, may exert potent cell cytotoxicity. We have recently
found a positive association between iNOS expression and
TUNEL labelling for apoptotic cells in advanced human
atherosclerosis (Mallat et al., 1999a).

On the other hand, high levels of expression of the anti-
inflammatory cytokine IL-10 are associated with significantly
reduced levels of iNOS expression and apoptotic cell death
(Mallat ez al., 1999a), suggesting that apoptosis may result
from an excessive inflammatory reaction and may be
modulated by interfering with the inflammatory response.

Cytokine-induced apoptosis may be mediated in part by the
Fas receptor. In vitro studies have shown that pro-inflamma-
tory cytokines induce upregulation of Fas in human VSMCs
and this fits well with the more prominent expression of Fas in
the human plaque intima than in the media (Geng et al., 1997).
Moreover, cytokine-primed VSMCs, but not unprimed cells,
are sensitive to anti-Fas stimulation in vitro and undergo
apoptosis. This may explain the association between Fas-
positive cells and apoptotic VSMC:s in regions of plaques that
are rich in activated T-lymphocytes and macrophages (Geng et
al., 1997). Fas-mediated apoptotic cytotoxicity was also
reported in human transplant coronary artery disease (Dong
et al., 1996). Interestingly, decreased Fas expression in a subset
of plaque-SMCs has been reported, which could lead to
resistance to apoptosis via the Fas system (Han et al., 1996).

Smooth muscle cells die within the human plaque despite
the presence of survival factors such as IGF-1 and PDGF
(Bennett et al., 1995b). Deregulated expression of c-myc in the
absence of significant Bcl-2 expression (Bennett ez al., 1994),
and increased sensitivity to p53 (Bennett ez al., 1997) might
offer some explanations. Recent data have also shown
increased expression of the pro-apoptotic protein Bax in
human fatty streaks and advanced plaques. Bax was
undetectable in normal arteries where expression of the anti-
apoptotic protein Bcl-xp predominated (Kockx et al., 1998).

Table 2 Pro- and Anti-apoptotic factors in human atherosclerotic plaques

Pro-apoptotic

e Oxidized LDL, oxysterols and other oxidation
products
o Low shear stress

Matrix degradation by MMPs—-cell detachment
Pro-inflammatory mediators: TNF-o., IFN-y, IL-1,
inflammatory NO...

e Vasoactive substances: ang II (for endothelial cells)

e Fas-Fas L signalling

Pro-apoptotic Bcl-2 family members Bax, Bcl-xs...
Executioners of the apoptotic process: caspases,
perforin, granzyme B

*The balance between pro-apoptotic and anti-aptotic factors appears

Anti-apoptotic*

Anti-oxidants (HO-1, a-tocopherol...)

Normal or high shear stress—>NO production,
superoxide dismutase...

Adhesion proteins: «vf33, cadherins...
Anti-inflammatory cytokines: e.g., IL-10

Growth factors: ang II (for VSMCs), PDGF, IGF-1,
FGF2, VEGF...

Bcl-2?, Bel-xp.

to be in favour of the former.
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Therefore, the balance between pro- and anti-apoptotic
proteins in atherosclerosis is in favour of the former,
suggesting that plaque-SMCs are programmed to die and
undergo apoptosis when additional pro-apoptotic stimuli are
present (inflammatory cells and cytokines).

Cell survival within human atherosclerotic plaques may also
depend on cell interactions with the extracellular matrix.
Matrix metalloproteinases (MMPs) are overexpressed in
human plaques and play an important role in matrix
degradation (Galis et al., 1994). This may result in cell
detachment from the matrix and in induction of apoptosis.
This hypothesis is supported by the finding that overexpression
of the tissue inhibitor of metalloproteinases (TIMP-1) in the
arterial wall of ApoE Knockout mice is associated with an
increased density of smooth muscle cells within the ather-
omatous plaque (Rouis et al., 1999). On the other hand,
nonfibrillar or monomeric collagen (present in atherosclerotic
plaques) allows VSMCs to undergo proliferation in response
to mitogens in culture, while fibrillar collagen (present in the
normal media of arteries) inhibits cell proliferation by up-
regulating specific inhibitors of the cell cycle (Koyama et al.,
1996). Thus, the matrix that surrounds the cells is not neutral
and may determine whether they remain quiescent, survive or
multiply in response to growth factors (Ross, 1999).

The execution phase of apoptosis is caspase-dependent. In
accordance with this concept, we and others (Geng & Libby,
1995; Mallat et al., 1997) have shown that caspases, especially
caspase-3, colocalized with apoptotic cells, particularly
macrophages, in advanced human atherosclerotic plaques.
However, caspase-3 positive, but TUNEL-negative, T-lym-
phocytes may also be observed. This is consistent with the
observation that caspase-3 cleavage in T-cells may occur
without the induction of apoptosis (Miossec et al., 1997).

Potential roles of apoptosis in human atherosclerosis
(Table 3)

Much interest has focused on the regulation of apoptosis, but
only speculations have been raised about the potential roles,
beneficial or harmful, of this process of cell death in
atherosclerosis. Death of VSMCs by apoptosis may be viewed
as harmful because it may weaken the fibrous cap by
decreasing the synthesis of extracellular matrix and therefore
may lead to plaque rupture. However, others may argue that
plaque stabilization observed with anti-f; integrin antibodies
(Topol et al., 1994) may involve selective apoptosis of intimal
smooth muscle cells that express o,f; integrin and whose
attachment to the extracellular matrix are disrupted.

Death of T-lymphocytes and macrophages by apoptosis
may be viewed as beneficial if apoptosis is not accompanied by
an inflammatory reaction. Indeed, removal of these cells from

Table 3 Potential roles of apoptosis in atherosclerosis

the plaque could attenuate the inflammatory response,
decrease the synthesis of MMPs and the consequent break-
down of the extracellular matrix, therefore favouring plaque
stabilization. It may also be argued that apoptotic death of any
cell type in the plaque may favour plaque regression over
plaque progression. However, the rate of apoptotic cell death
in the plaque (2—10%) (Bauriedel ez al., 1998; Kockx et al.,
1996; Mallat et al., 1997) may, in many instances, exceed the
reported rate of cell proliferation (< 1%) (Brandl et al., 1997,
Gordon et al., 1990). In the light of observations that human
atherosclerotic plaques are generally more prone to progres-
sion rather than regression, it can be suggested that apoptosis
is actually implicated in natural plaque progression (rather
than regresssion), through development of the acellular lipid
‘necrotic’ core. Indeed, macrophage apoptosis has frequently
been identified at the edges of the lipid core, suggesting that it
may actively contribute to its formation. Moreover, the
heterogeneous distribution of apoptosis implies that some
regions of the plaque may show substantially higher levels of
cell death, possibly predisposing to plaque rupture (and vessel
occlusion or plaque progression). Removal of apoptotic cells
from the atherosclerotic tissue may not be efficient because
apoptotic cells may compete with oxidized lipids for removal
by macrophages (Chang et al., 1999). This would lead to the
persistence of apoptotic bodies with potentially high immuno-
genic properties (Levine & Koh, 1999). Moreover, unremoved
apoptotic cells are prone to undergo secondary necrosis and
this may lead to accumulation of extracellular lipids and to
perpetuation of the inflammatory response.

We believe that one of the major roles of apoptosis in
atherosclerosis is related to its procoagulant potential. PS
exposure on the outer cell surface, a hallmark of apoptosis,
greatly enhances tissue factor (TF) activity and is therefore
highly thrombogenic (Bach et al., 1986). This procoagulant
potential of apoptotic cells may be deleterious in athero-
sclerosis since it may be involved in determining plaque
thrombogenicity following plaque rupture and may therefore
favour the occurrence of acute ischaemic events and infarction.
Indeed, Flynn et al. (1997) have shown that thrombin
generation is increased at the contact of plaque-derived
smooth cells undergoing apoptosis in culture. Moreover, we
have recently observed significant extracellular TF expression
in and around apoptotic cells in some regions of human
atherosclerotic plaques suggesting that TF may be shed from
apoptotic cells via apoptotic microparticles (Mallat et al.,
1999b). To examine whether apoptosis may be involved in TF
activity in vivo, we examined advanced human atherosclerotic
plaques for the presence of shed membrane apoptotic
microparticles (captured by biotinylated annexin V insolubi-
lized onto streptavidin-coated microtitration plaques) and
determined the procoagulant potential of these microparticles

Beneficial effects

e Decreased inflammation
e Diminished macrophage pool

Deleterious effects

e Weakening of the fibrous cap (apoptosis of VSMCs)

e Increased lipid core and gruel formation (inefficient
removal of apoptotic cells and bodies)

e Chemotactic/growth-stimulating properties of apoptotic
debris

e Revelation of cryptic antigens (—autoimmunity)

e Procoagulant potential (—plaque thrombosis following
plaque rupture)

e Plaque erosion/thrombosis (luminal endothelial cell
apoptosis)
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(Mallat et al., 1999b). We found that high levels of shed
membrane microparticles of monocytic and lymphocytic
origins are produced in the atherosclerotic plaques and are
associated with increased TF activity. Interestingly, removing
the microparticles from the supernatants resulted in a 97%
reduction in TF activity, indicating that almost all of the TF
activity of plaque extracts is associated with the shed
membrane microparticles (Mallat er al, 1999b). These
experiments provide direct evidence that apoptosis is involved
in the increased thrombogenic potential of human athero-
sclerotic plaques and may be an important determinant of
plaque thrombosis upon plaque rupture. In addition, we have
recently found that a significant percentage of luminal
endothelial cells may undergo apoptosis in human athero-
sclerotic plaques (Tricot et al., 2000). We believe that these
apoptotic endothelial cells may initiate plaque erosion and
promote local platelet aggregation and thrombosis in vivo,
being therefore responsible for acute ischaemic syndromes.
Finally, experiments in our laboratory show that plasma levels
of procoagulant microparticles are increased in patients with
acute coronary syndromes and may be associated with
coronary reocclusion (Mallat et al., 2000).

Therapeutic modulation of apoptosis in atherosclerosis

Given the importance of apoptosis in plaque development and
stability, interventions designed to modulate the apoptotic
process are warranted and may profoundly affect disease
evolution.

Table 4 Potential effects of induction of apoptosis in atherosclerosis

Induction of apoptosis to promote plaque regression (Table
4) Pollman et al. (1998) have reported regression of
atherosclerotic plaques of cholesterol-fed rabbits after inhibi-
tion of neointimal cell Bcl-x expression and induction of
neointimal cell apoptosis. Wang et al. (1999) have also
observed regression of rabbit atheromatous lesions following
in vivo administration of L-arginine to induce macrophage
apoptosis via NO release. However, it is still unknown whether
human atherosclerotic plaques will behave in the same manner.
Rabbit atherosclerotic plaques do not rupture whereas human
plaques are prone to rupture. In addition, others did not
confirm this finding by using a different approach to induce
intimal cell apoptosis (overexpression of FADD) (Schaub et
al., 1998). Rather, vascular inflammation followed the
induction of the apoptotic process and led to neointima
progression (Schaub et al., 1998). On the other hand, it could
be hazardous to induce massive apoptotic cell death in human
atherosclerotic plaques without ensuring high anti-coagulation
levels given the increased procoagulant potential of apoptotic
cells (Bombeli et al., 1997; Flynn et al., 1997; Mallat et al.,
1999b).

Plaque neovascularization may be involved in plaque
development and progression (Moulton et al., 1999). Therefore,
induction of endothelial cell apoptosis within plaque neovessels,
using angiostatin or endostatin for example, could be a potential
approach to limit plaque progression. However, such therapy
would also induce apoptotic death in luminal endothelial cells
with the potential of inducing a procoagulant state at the
interface between the plaque and the circulating blood.

Type of intervention

e Overexpression of pro-apoptotic
genes (*Bcl-x, FADD, FasL...)

e Administration of NO (L-arginine,

Expected beneficial effects

Expected deleterious effects

e Cell apoptosis— neointima regression e Pro-inflammatory reaction if massive

apoptosis— neointima progression.

e Procoagulant potential of apoptotic
cells and particles— increased plaque
thrombogenicity.

e Weakening of fibrous cap (death of
VSMCs)

o Macrophage apoptosis— lesion e Accumulation of lipids and apoptotic

transfer of NOS II...) regression particles— increased lipid core
dimension and thrombogenicity
e Angiostatin, endostatin e Endothelial cell apoptosis, inhibition e Luminal endothelial cell apoptosis—

administration

Table 5 Potential effects of inhibition of apoptosis in atherosclerosis

of angiogenesis— plaque regression

Plaque erosion and thrombosis

Type of intervention

Expected beneficial effects

Expected side effects

o Administration of NO (transfer of e Inhibition of endothelial apoptosis — e Macrophage apoptosis?
NOS I1I...) prevention of plaque erosion/
thrombosis
o Administration of endothelial e Inhibition of endothelial apoptosis — e Neoangiogenesis — plaque
survival factors (VEGF, FGF-2..)) prevention of plaque erosion/ progression/rupture
thrombosis
e Estrogen treatment e Inhibition of endothelial apoptosis —
Prevention of plaque erosion/
thrombosis
e Angiotensin converting enzyme e Inhibition of endothelial apoptosis —
inhibitors Prevention of plaque erosion/
thrombosis
e Anti-oxidant therapy (HO-1 e Inhibition of cell apoptosis —
overexpression, vitamins) decreased risk of plaque disruption
thrombosis
e Anti-inflammatory therapy (e.g., e Decreased inflammation — inhibition

IL-10)

of apoptosis and thrombosis
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Inhibition of apoptosis to prevent plaque rupture/erosion and
thrombosis (Table 5) We have shown that apoptosis occurs
in the different cell types present in human atherosclerotic
plaques, including endothelial cells, and may therefore initiate
plaque disruption and thrombosis (Mallat et al., 1999b; Tricot
et al., 2000). We believe that strategies aimed at the inhibition
of apoptosis may limit plaque erosion, thrombosis and
progression. Nitric oxide is a powerful anti-apoptotic molecule
for endothelial cells (Dimmeler et al., 1997b) and accounts, at
least in part, for the anti-apoptotic effects of laminar shear
stress on endothelial cells in vitro. In vivo, the apoptotic luminal
endothelial cells present in human atherosclerotic plaques are
preferentially located in the low shear stress post-stenotic area
(Tricot et al., 2000) where NO production can be expected to
be reduced. Therefore, in vivo delivery of NO, via supplementa-
tion with L-arginine or transfer of the NOS III gene for
example, or in vivo delivery of endothelial survival factors such
as VEGF or FGF-2, may limit luminal endothelial cell
apoptosis and thrombosis, and alter plaque progression.

In vitro studies have shown that angiotensin II induces
endothelial cell apoptosis (Dimmeler er al., 1997c; Li et al.,
1999a,b). The apoptotic process is prevented by addition of
NO donors or angiotensin II antagonists (Dimmeler ez al.,
1997¢; Li et al., 1999a,b). One could be argued that in vivo
inhibition of angiotensin II production or signalling may
prevent endothelial cell apoptosis. Recently, angiotensin-
converting enzyme inhibitors have been shown to significantly
reduce the occurrence of myocardial infarction in humans
(Yusuf et al., 2000). We speculate that a reduction in
endothelial cell apoptosis and thrombosis is one of the
potential mechanisms responsible for this beneficial effect.

Oestrogen has been shown to be anti-atherogenic and to exert
beneficial effects in the regulation of vascular tone in
atherosclerotic arteries. Oestradiol treatment of HUVEC in
culture results in a dose-dependent, receptor-mediated inhibi-
tion of TNF-a-induced apoptosis and activation of the caspase-1
pathway (Spyridipoulos et al., 1997). Moreover, oestrogen
administration increases the release of bioactive nitric oxide by
inhibiting superoxide anion production (Arnal et al., 1996).
These data suggest that the beneficial atheroprotective effects of
oestradiol may result, at least in part, from the preservation of
endothelial integrity and prevention of vessel thrombosis. This
may also be the case of vitamins with anti-oxidant properties
which inhibit oxidized LDL-induced endothelial cell apoptosis
in vitro (Dimmeler et al., 1997a).

Another powerful anti-oxidant and anti-apoptotic product
for endothelial cells is the product of the haeme oxygenase
(HO)-1 gene (Ferris et al., 1999; Hancock et al., 1998; Yachie
et al., 1999). Deficiency in HO-1 is associated with severe
endothelial damage (Ferris et al., 1999; Hancock et al., 1998),
while overexpression of HO-1 is associated with expression of
various cytoprotective genes, such as Bcl-2, and prevents from
transplant arteriosclerosis (Hancock et al., 1998). Moreover,
endothelial integrity in this setting is associated with the
expression of anti-inflammatory cytokines including IL-10
(Bach et al., 1997).

Finally, occurrence of apoptosis within human athero-
sclerotic plaques is highly dependent on the inflammatory
balance (Mallat et al., 1999a). Expression of the anti-
inflammatory cytokine IL-10 within the plaque is associated
with decreased signs of inflammation and decreased apoptosis
(Mallat et al., 1999a). Moreover, 1L-10 plays an important
protective role against the development of atherosclerosis in
mice (Mallat et al, 1999c), and displays potential anti-
thrombotic effects in vivo (Downing et al., 1998; Ernofsson et
al., 1996). Therefore, in vivo administration of IL-10 might be a

sound strategy to deactivate inflammatory cells, reduce
apoptotic death and its pro-thrombogenic properties, leading
to plaque stabilization. These effects may be beneficial in both
atherosclerosis and restenosis.

Apoptosis in restenosis

Animal models of neointima formation following balloon injury
have shown that apoptotic cell death occurs at different points in
time and at variable levels during the repair process. Apoptotic
death of smooth muscle cells is observed as early as 30 min after
arterial injury and is associated with decreased expression of the
anti-apoptotic protein Bcl-x (Perlman ez al., 1997). After then, a
second window of apoptosis is observed and is associated with
increased smooth muscle cell proliferation (Han ez al., 1995).
Persistent apoptotic cell death at later stages, in the absence of
cell proliferation, has been implicated in the regulation of
intimal thickening (Bochaton-Piallat ez al., 1995).

Studies available in human restenotic plaques are somewhat
contradictory. Isner et al. observed an increased apoptotic rate
in restenotic versus primary coronary plaques (Isner et al.,
1995). However, this finding was recently challenged by
Bauriedel er al. (1998) who observed decreased levels of
apoptosis in restenotic versus primary plaques with no
differences in necrosis levels. High cellularity is a key finding
in late human restenosis and the findings of Bauriedel et al.
(1998) are more consistent with the paradigm that lower rates
of apoptosis result in hyperplasia. This also fits well with the
finding of decreased p53 activity (and potentially p53-mediated
apoptosis) in restenotic material from human coronary lesions
(Speir et al., 1994).

The observation that apoptosis may participate in cellularity
regulation in animal models of neointima formation and in
human restenotic lesions prompted researchers to examine the
effects of pro-apoptotic strategies on this process. Steg et al.
(1997) used suicide gene therapy by transfer of a replication-
defective adenoviral vector expressing the thymidine kinase gene
combined with ganciclovir treatment. In vitro transfection and
treatment of SMCs induced their death by apoptosis, and this
mechanism was presumably responsible for the reduction of
restenosis after angioplasty in transfected and treated ather-
omatous rabbit arteries. Pollman e al. (1998) used another
approach interfering with the anti-apoptotic genes expressed in
the neointima, which consisted in the local application of
antisense oligonucleotides encoding a sequence complementary
to the coding region for the anti-apoptotic bc/-x gene. Using this
strategy, they were able to decrease neointimal expression of Bel-
X, inducing selective apoptosis of neointimal cells and regression
of neointimal hyperplasia. Other investigators have used a direct
pro-apoptotic strategy delivering Fas ligand into the vessel wall
and inducing apoptosis of Fas-bearing VSMCs (Sata et al.,
1998). This also led to significant inhibition of neointima
formation adding to the evidence that apoptosis is a key
determinant of neointimal thickening evolution after arterial
injury. However, it remains to be determined whether such
impressive results may be achieved in humans without serious
side effects, namely vessel inflammation and thrombosis.

Conclusion

The observation that cell death and cell proliferation may
occur independently and the growing understanding of the
molecular basis for these phenomena will stimulate the
development of interventions selectively aimed at cell death
to prevent the progression of a variety of vessel diseases.
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